A new molybdenum oxynitride Y 2 Mo 2 O 4.5 N 2.5 with cubic pyrochlore structure (a = 10.3350(2)Å, space group Fd3m, Z = 8) has been synthesized by heating the parent Y 2 Mo 2 O 7 oxide in flowing ammonia at 898 K. The polycrystalline sample has been characterized by thermal analysis, X-ray and neutron diffraction (NPD), and magnetic susceptibility measurements. The analysis of high resolution NPD data, based on the contrast existing between the scattering lengths of O and N, shows that both atoms are distributed at random at the anion substructure; the refined crystallographic formula implies an oxidation state of +5.25 for Mo cations. The thermogravimetric curve shows a weight gain of 7.5% at 1000 K in air, corresponding to the complete elimination of N 2 and oxidation to Mo(VI) oxide, in good agreement with the proposed composition. The magnetic susceptibility exhibits a Pauli-like, temperature-independent term which derives from the partial delocalization of Mo electrons on Mo-(O,N) bands with a broader bandwidth, as a consequence of the significant opening of the Mo-(O,N)-Mo angle and strengthening of the Mo-(O,N) interactions with respect to the parent Y 2 Mo 2 O 7 oxide. As in this oxide, a reminiscent spin-glass behaviour is observed at low temperature.
Introduction
The pyrochlore structure, of general stoichiometry A 2 B 2 O 6 O', is recognized to have a great flexibility concerning the large variety of cations that can be accommodated at both A and B cationic substructures [1] . Most of the transition metals can be located at the B octahedral positions, whereas rare-earth or semimetal p-elements are usually comfortable at the larger A positions. This flexibility accounts for the variety in electrical and magnetic properties, going from the insulating and paramagnetic behaviour (for instance, in RE 2 Ti 2 O 7 , RE: rare earths) to the metallic or halfmetallic character and ferromagnetic behaviour, as observed in Tl 2 Mn 2 O 7 , with colossal magnetoresistance properties [2, 3] .
An alternative approach to modify or tune the physical properties of pyrochlores is by introducing different anions at the oxygen substructure. The mineral "pyrochlore" itself, (Na,Ca)(Nb,Ta)O 6 F/OH, contains O 2− , F − and OH − at the anion substructure [1] . In Cd 2 Nb 2 O 7 , Pannetier et al. [4] reported that some of the oxygen atoms can be replaced by S 2− , producing a phase that exhibits ferroelectricity at high temper-0932-0776 / 06 / 0200-0164 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ature [5] . The introduction of N 3− anions has been explored much less. There have been reports of the formation of tantalum oxynitride [6, 7] and titanium oxynitride pyrochlores [8] ; recently the first molybdenum oxynitride pyrochlore Sm 2 Mo 2 O 3.83 N 3.17 was synthesized by Veith et al. [9] , obtained by ammonolysis of the precursor pyrochlore oxide Sm 2 Mo 2 O 7 in flowing ammonia. The sample is semiconducting and the temperature-dependent magnetic susceptibility follows a Curie-Weiss behaviour.
Ammonolysis of transition-metal oxides has been widely used to produce oxynitrides in chemical processes in which ammonia behaves as a nitriding agent and additionally induces a change in the oxidation state of the involved transition metals. In general, this replacement at the anion substructure induces an increase in the covalency of the crystal structure, and brings about an electron delocalization effect, although yielding more insulating materials as a consequence of the strong perturbation of the periodic potential at the anion substructure [9] . From the structural point of view, oxynitrides often show the same structural type as the parent oxides for moderate substitutional rates. However, the higher charge of the nitride N 3− ion leads in general to lower cation-to-anion ratios in complex nitrides with respect to complex oxides [10] . This fact, coupled with the lower oxidising power of nitrogen as compared to oxygen, leads to the difficulty of forming completely nitrided perovskites (ABN 3 ) or pyrochlores (A 2 B 2 N 7 ): oxynitrides with partial nitrogen content are preferentially obtained [11] .
An important question arises about the precise location of the nitrogen atoms and their role in the structural arrangement of oxynitrides. Neutron diffraction is essential here, as the X-ray scattering factors of oxygen and nitrogen are not sufficiently different to permit the two atoms to be distinguished. Among the oxynitrides studied by neutron diffraction, only a few are shown to exhibit an ordered nitrogen/oxygen arrangement: this is the case, for instance, of TaON [12] In this work we have studied the partial nitridation of the pyrochlore Y 2 Mo 2 O 7 . This material was first described by Hubert [10] and Subramanian et al. [16] and it has recently been the topic of a number of studies concerning its spin-glass characteristics due to geometrical frustration [17 -20] . In this paper, we report on the preparation of an oxynitride of composition Y 2 Mo 2 O 4.5 N 2.5 obtained by ammonolysis of Y 2 Mo 2 O 7 , and its characterization by neutron powder diffraction (NPD), thermal analysis and magnetic measurements.
Experimental Section
Stoichiometric amounts of analytical grade MoO 2 and Y 2 O 3 were mixed in an agate mortar. The sample was slowly heated up to 1650 K and annealed at this temperature for 12 h in a nitrogen flow. This procedure yielded the Y 2 Mo 2 O 7 pyrochlore in polycrystalline form, pure to X-ray diffraction analysis (PRF file 84-1535). For the synthesis of the oxynitride, the precursor Y 2 Mo 2 O 7 powder was placed in an alumina boat and annealed under flowing ammonia at 898 K for 22 h followed by slow cooling of the furnace to room temperature.
Thermal analysis was carried out in a Mettler TA3000 system equipped with a TC10 processor unit. Thermogravimetric (TG) curves were obtained in a TG50 unit, working at a heating rate of 10 • C min −1 , in an air flow of 0.3 l min −1 . About 60 mg of the oxynitride sample were used in the experiment.
The product was initially characterized by XRD (Cu-K α , λ = 1.5406Å) for phase identification and to assess phase purity. For the structural refinement, a NPD pattern was collected at room temperature at the high-resolution D2B dif- fractometer (ILL-Grenoble). The high-flux mode was used. About 3 g of sample were contained in a vanadium can; a collecting time of 1 h was required. A wavelength of 1.594Å was selected from a Ge monochromator. The refinement of the NPD data was performed by the Rietveld method, using the FULLPROF refinement program [21] . A pseudo-Voigt function was chosen to generate the line shape of the diffraction peaks. The following parameters were refined in the final runs: scale factor, background coefficients, zero-point error, pseudo-Voigt corrected for asymmetry parameters, positional coordinates, mixed O and N occupancies and isotropic displacement factors for all the atoms. The coherent scattering lengths for Y, Mo, O and N were 7.75, 6.72, 5.803 and 9.36 fm, respectively.
The magnetic susceptibility was measured with a commercial SQUID magnetometer on powdered samples, in the temperature range 5 -320 K.
Results and Discussion
Y 2 Mo 2 O 7 was obtained as a black, well crystallized powder; its XRD diagram is shown in Fig. 1a . The pattern is indexed in a face-centered cubic unit cell with a = 10.2399(5)Å, in agreement with literature (for instance, a = 10.230(1)Å in Ref. [22] ). The ammonolysis of Y 2 Mo 2 O 7 produced a dark-brown powder, with an X-ray powder diffraction pattern, shown in Fig. 1b , also characteristic of a pyrochlore phase, with clearly shifted reflections towards lower 2θ angles, corresponding to an increased unit-cell dimension of a = 10.3350(2)Å. A minor impurity phase was identified as Y 2 MoO 5 (PDF file 17-0593).
The nitrogen content was investigated by a subsequent analysis of the NPD data. The use of neutron powder diffraction to determine the site occupancy of oxygen and nitrogen is possible because of the large difference in the coherent neutron scattering lengths for both atoms, 9.36 and 5.803 fm for N and O, respectively. The crystal structure refinement was performed from the D2B high resolution data collected at room temperature and with a wavelength λ = 1.594Å. The Rietveld refinement was carried out in the space group Fd3m (origin at3m); in a previous run the crystal structure of the parent oxide Y 2 Mo 2 O 7 was modelled with yttrium atoms located at 16c (0,0,0) sites, molybdenum at 16d (1/2,1/2,1/2) positions, and the two kinds of oxygen atoms at 48 f (x,1/8,1/8) and 8a (1/8,1/8,1/8). The minor impurity phase Y 2 MoO 5 was included as a second phase in the refinement. A Bragg-R factor of 9.8% was obtained for this preliminary model. In a second step, nitrogen atoms were introduced at random at both oxygen positions and the mixed occupancy was refined independently at each site; the discrepancy factor significantly dropped to R Bragg = 3.92%. The good agreement between the observed and calculated NPD patterns after the refinement is shown in Fig. 2 . No additional reflections or deviation of the space group symmetry, which could have indicated the presence of a superstructure due to long range O/N ordering, was observed. The details of the Rietveld refinement are given in Table 1 . The final atomic positions and thermal parameters are reported in Table 2 . A view of the crystal structure is shown in Fig. 3 . The refined composition is Y 2 Mo 2 O 4.5(1) N 2.5(1) . This formula implies a nominal oxidation state for Mo of +5.25. The larger lattice parameters for this oxynitride (a = 10.3352(2)Å) compared to that of the pyrochlore Y 2 Mo 2 O 7 (a = 10.230(1)Å) [22] reflects the result of the competing effects of the expan- [23] . The large isotropic displacement parameters observed for (O1,N1) atoms certainly arise from the random distribution of O and N anions over the same crystallographic positions. The 48 f site has a variable x atomic parameter which is probably slightly different at the local O or N positions, giving rise to a smearing of the scattering density which is translated as a large overall displacement parameter. Table 3 includes the mean interatomic distances and some selected bond angles, in comparison with those of Y 2 Mo 2 O 7 reported in Ref. [22] . It is noteworthy that Y-(O,N) distances increase in the oxynitride, due to the increment in the average size of the (O 2− , N 3− ) anion, whereas Mo-(O,N) bond lengths are virtually unchanged, since the expansion of the anionic substructure is compensated by the oxidation and reduction in size of the Mo cations. The superexchange Mo-(O,N)-Mo angle significantly increases in the oxynitride, which has important consequences in the magnetic properties, as discussed below.
Thermal analysis of Y 2 Mo 2 O 4.5 N 2.5
The thermal analysis curves are displayed in Fig. 4 . The TG and DTG curves recorded under oxidizing conditions with a constant heating rate of 10 • C min −1 show that Y 2 Mo 2 O 4.5 N 2.5 is stable in air up to 720 K; above this temperature an overall oxidation process develops, giving rise to a final weight gain, above 1000 K, of 7.5(1)%. This weight gain probably results from at least two overlapping processes, as suggested by the DTG curve that exhibits a broad shoulder centered at 893 K and a main DTG peak at 947 K. The final product at 1050 K was identified by X-ray diffraction as a mixture of Y 2 O 3 and MoO 3 . The transformation of implies a nominal weight gain of 7.76%, in reasonable agreement with the observed value. We do not discard that the N elimination could partially occur through chemical reaction with water vapour, producing some ammonia instead of nitrogen, although the mass balance of the thermal analysis curve would not be affected by this alternative mechanism.
Magnetic properties
The susceptibility and reciprocal susceptibility vs temperature data are shown in Fig. 5 . In the temperature region above 150 K the zero-field cooled (ZFC) and field cooled (FC) susceptibility plots virtually coincide, exhibiting the thermal evolution expected for a paramagnetic material. At low temperatures, two anomalies in the thermal variation of the susceptibility must be highlighted: at 61 K a change of slope in both susceptibility curves could indicate the onset of a weak ferromagnetic state. A second anomaly at 24 K is observed as a maximum in the ZFC susceptibility curve, which is almost suppressed in the FC plot. Such difference between the ZFC and FC plots suggests the presence of a spin-glass-like system, as discussed below. The ZFC magnetic susceptibility data were analyzed with the equation: Mo; this is in reasonable agreement with the experimental data, if we take into account that a fraction of the unpaired electrons is delocalized and gives rise to the temperature independent susceptibility term. The magnetization isotherms at 5 K (Fig. 5) show an almost linear behavior, although a small hysteresis is observed in the magnetic field cycle, consistent with the presence of a very weak ferromagnetism in the system, of 0.035 µ B /f.u. at the maximum field of 5 T. The hysteretic behaviour is much reduced in the 100 K isotherm.
It is interesting to compare the described magnetic results for this oxynitride with those of the parent oxide, Y 2 Mo 2 O 7 . From magnetic measurements and neutron diffraction data, this oxide has been described as a spin-glass system [17 -20] , due to the geometrically frustrated nature of the antiferromagnetic interactions, with a freezing temperature of T g = 22.5 K, indicated by a clear break between FC and ZFC susceptibilities [19] . On the other hand, the compounds of the RE 2 Mo 2 O 7 (RE = rare earths) series exhibit [24] Table 3 ). According to the arguments given in Ref. 24 , the corresponding increment of the Mo-(O,N) band width could account for the appearance in the oxynitride of FM interactions (as suggested by the positive Weiss temperature and the hysteretic magnetization isotherms) accompanied by a certain level of Pauli-like electron delocalization (χ 0 term), which is enhanced by the more strongly covalent Mo-N-Mo interaction. The unit-cell parameter of Y 2 Mo 2 O 4.5 N 2.5 closely corresponds to that of the ferromagnetic-to-spin-glass crossover observed in the R 2 Mo 2 O 7 series [24] ; in fact, the oxynitride exhibits a reminiscent spin-glass character from the parent compound, which could additionally be promoted by the random distribution of O and N over the same crystallographic sites.
Conclusions
We have prepared a new oxynitride with pyrochlore structure, by ammonolysis of the parent Y 2 Mo 2 O 7 oxide. Neutron powder diffraction data allowed us to determine the N contents and its distribution over the anionic substructure: N atoms are shown to be distributed at random at both O1 and O2 crystallographic positions. The crystallographic formula, Y 2 Mo 2 O 4.5 N 2.5 , suggests an average oxidation state of +5.25 for Mo cations, assuming full electron transfer to O 2− and N 3− anions. The results of the magnetic measurements are characteristic of a spin-glass material with a weak ferromagnetism effect at low temperatures: such a behaviour is concomitant with the observed increase of the superexchange Mo-(O,N)-Mo angle and the strengthening of the Mo-N interactions with respect to the parent oxide, which delocalize the Mo-4d electrons and give rise to a temperature-independent Pauli-like susceptibility term.
